Active dendritic conductances impact the integration of synaptic inputs. However, the extent 18 to which dendrites act as independent computational subunits in vivo, remains unclear. We 19 imaged semi-simultaneously calcium signals in the soma, trunk and distal tuft dendrites of 20 individual layer 5 pyramidal neurons in the awake primary visual cortex. We found highly 21 correlated calcium transients throughout the whole apical tuft: branch-specific activity was 22 rare and limited to the smallest calcium transients. While apical tuft calcium transients were 23 highly correlated to trunk and somatic transients, the frequency of calcium transients was 24 found to decrease in a distance-and amplitude-dependent manner from soma to apical tuft. 25 Visual stimulation and locomotion increased global apical tuft activity but did not alter the 26 coupling between soma and apical tuft. These results suggest that the apical tuft acts as a 27 single computational unit and that its coupling to somatic signals is strong and asymmetric. 28 29 30
Introduction
Cortical layer 5 excitatory neurons are characterized by long apical dendrites receiving inputs 32 from multiple long-range cortical and subcortical connections (Harris and Shepherd, 2015; 33 Ramaswamy and Markram, 2015) . In the primary visual cortex (V1), layer 5 pyramidal neurons 34 display selective responses to physical features of visual stimuli, such as the orientation and 35 direction of movement (Kim et al., 2015) . In addition, layer 5 neurons activity is modulated by 36 locomotion both in darkness and during visual stimulation (Erisken et al., 2014; Dadarlat and 37 Stryker, 2017; Dipoppa et al., 2018), suggesting that V1 layer 5 neurons integrate inputs from 38 anatomically and functionally distinct pathways (visual and motor-related). However, the 39 integration of visual and locomotion-related inputs and its relationship with somatic output 40 remains unknown. 41 Dendritic properties were shown to support both distance-dependent filtering and 42 local dendritic non linearities (Grienberger, Chen and Konnerth, 2015; Stuart and Spruston, 43 2015). Different types of active dendritic currents have been described to support local 44 nonlinear events, primarily driven by NMDA-receptors calcium and sodium-conductances 45 both in vitro and in vivo ; Matthew E. Larkum, Zhu and Sakmann, 1999, 46 for review, Grienberger, Chen and Konnerth, 2015; Stuart and Spruston, 2015) . These 47 dendritic events are generally associated with calcium influx both locally and globally in the Manita et al., 2015) . 54 The frequency and dynamics of local dendritic nonlinearities in vivo have been a 55 matter of debate. In the motor cortex, one study suggested that individual branches of 56 densely labelled layer 5 neurons selectively respond to specific motor outputs and serve as 57 independent computational subunits (Cichon and Gan, 2015) . However, other studies suggest 58 that the entire apical tuft acts as a single, independent computational subunit (Xu et al., 2012; 59 Hill et al., 2013; Ujfalussy et al., 2018) . Events described as local dendritically-generated spikes 60 were reported in layer II/III neurons of the visual and somatosensory cortex during sensory 61 3 stimulation (Smith et al., 2013; Palmer et al., 2014) . In the visual cortex, these results 62 suggested that dendritic spikes triggered by visual input enhance somatic tuning to the 63 preferred orientation (Smith et al., 2013) . However, single dendrite recordings prevented 64 conclusions about the spatial extent and the branch-specific nature of the detected events. 65 Other studies reported dendritic calcium spikes in association with backpropagating action 66 potentials during spontaneous activity in the motor cortex (Hill et al., 2013) and sensory 67 stimulation in somatosensory cortex (Svoboda et al., 1997; Helmchen et al., 1999; Kerlin et 68 al., 2018) . So far however, the recruitment of local and global dendritic events and their 69 coupling with somatic output, remains largely unexplored in awake behaving animals. 70 In this study, we used multiplane, two-photon calcium imaging to semi-simultaneously 71 monitor calcium transients in different compartments of individual layer 5 pyramidal neurons 72 in the primary visual cortex (V1) of head-fixed awake behaving mice. We imaged calcium 73 signals in the soma, trunk and distal tuft dendrites, both in darkness and during the 74 presentation of drifting gratings, while the animal was either running or stationary. In 75 agreement with a recently published article (Beaulieu-Laroche et al., 2019), we found that the 76 apical trunk dendritic activity was highly correlated with somatic activity. We extend these 77 results, by showing that the whole apical tuft was highly correlated to trunk activity: the vast 78 majority of dendritic calcium transients in the apical tuft were coincident with global events, 79 with rare cases of branch-specific activity, limited to the smallest amplitude events. In 80 addition, we found that somato-dendritic coupling was asymmetric: while almost all events 81 observed in the tuft were also visible in the soma, around 40% of somatic events attenuated 82 in an amplitude and distance-dependent manner from the soma to the apical tuft. Finally, our 83 results show that neither visual stimulation nor locomotion affected the coupling between 84 somatic and apical tuft dendritic calcium signals.
86

Results
87
Highly correlated, widespread calcium signals in apical tuft dendrites of single 88 layer 5 neurons 89 We imaged changes in fluorescence overtime in apical dendrites of individual layer 5 90 pyramidal neurons sparsely labelled with the calcium sensor GCamP6f (Chen et al., 2013) in 91 the primary visual cortex of adult mice. Using single-plane two-photon imaging (at 120 Hz), 92 4 we monitored changes of GCamP6f signals in individual apical tuft dendrites of head-fixed 93 awake behaving mice that were free to run on a cylindrical treadmill ( Figure 1A ). Our results 94 showed highly correlated calcium signals in all apical branches belonging to the same neuron 95 and imaged in a given field of view (Pearson's correlation coefficient ρ =0.92, SEM = 0.01, n = 96 25 fields of view recorded from 14 neurons, 6 animals) ( Figure 1D ). Because distal dendrites 97 are thinner, more excitable and more compartmentalised than proximal tuft dendrites, we 98 tested whether the correlation of calcium transients between apical tuft branches decreased 99 with distance from the apical trunk (nexus). We reconstructed each individual neuron for 100 which we imaged the apical tuft and quantified the correlation of fluorescence signals across 101 sibling branches. We found that calcium signals in sibling branches were highly correlated 102 (average Pearson's correlation coefficient ρ = 0.92) regardless of their branching order (One-103 way ANOVA, p = 0.34) ( Figure 1E ,F). Using semi-simultaneous imaging of dendrites at different 104 focal planes within the apical tuft of individual layer 5 neurons, we also found highly 105 correlated calcium signals between proximal and distal tuft branches (average Pearson's 106 correlation coefficient ρ=0.88, Figure 2D (i)). In addition to the global, widespread calcium 107 transients, we also observed in individual spines, independent calcium signals that were not 108 correlated with dendritic signals (Figure 1-figure supplement 1), indicating that in our 109 experimental conditions, we could resolve independent local calcium signals. 110 We then assessed whether this widespread, highly correlated apical tuft activity was 111 modulated by visual stimulation and locomotion. We found that both visual stimulation and 112 locomotion increased calcium activity in the apical tuft of layer 5 neurons (average ΔF/F0; 113 repeated measure Two-way ANOVA, p = 0.005, 0.003 and 0.99 for visual stimulation, 114 locomotion and interaction between both conditions, respectively; n = 14 neurons) ( Figure   115 1H). However, the high correlation of calcium signals between all imaged dendritic branches 116 was not significantly different between periods of darkness and visual stimulation (drifting 117 gratings) and between stationary and locomotion periods (Two-way ANOVA, p = 0.43, 0.62 118 and 0.97 for visual stimulation, locomotion and interaction between both conditions, 119 respectively). Finally, we found that the selectivity of the responses to the drifting gratings 120 orientation, quantified by an orientation selectivity index, also did not affect the high 121 correlation of calcium transients in apical tuft dendrites ( Figure 1-figure supplement 3) . 122 In line with these findings, we found that branch-specific activity in the apical tuft was 123 rare. We quantified the amount of branch-specific activity in all pairs of branches belonging 124 5 to the same neuron as the proportion of calcium transients present in one branch and absent 125 in the other pair's branch. Among the 70 imaged branches across 14 neurons, branch-126 specific calcium transients represented less than 3% of the total number of transients. Among 127 all imaged calcium transients, these local signals were dominated by calcium transients of the 128 smallest amplitudes ( Figure 1J ). In addition, neither visual stimulation with drifting gratings 129 nor locomotion significantly affected this small proportion of branch-specific calcium signals 130 (Three-way ANOVA, p < 10 -15 for event amplitude and p = 0.29; 0.8 and 0.94, for visual 131 stimulation, locomotion and interaction between both conditions, respectively. No other 132 interaction effect was statistically significant) ( Figure 1J ). We tested the robustness of our (Figure 2A,B ). We used GCamP6s that has 149 higher signal amplitude and signal to noise ratio than GCamP6f in order to increase the 150 detection of somatic signals (Chen et al., 2013). We found that calcium transients 151 simultaneously imaged in each pair of proximal and distal compartments were highly 152 correlated ( Figure 2C ,D). Since the rise and decay kinetics were slower in somatic signals than 153 in dendritic ones, we performed our quantification on isolated transients (see Methods). For 154 each pair of compartments, we found that the average Pearson's correlation value between 155 6 the amplitudes of individual transients was 0.88 between the proximal and distal parts of the 156 apical tuft, 0.92 between the trunk and the apical tuft and 0.85 between the proximal and 157 distal trunk. The lowest correlation value was found between the soma and the proximal 158 trunk (0.74, Figure 2D ). For each pair of neuronal compartments, shuffling the calcium 159 transients in one compartment resulted in an average correlation value of zero ( Figure 2D ). 160 Altogether, these results show that calcium transients amplitudes were highly correlated 161 from the soma to the apical tuft of V1 individual layer 5 neurons.
163
Frequency of calcium transients decreases in a distance-and amplitude 164 dependent manner from soma to apical tuft 165 We then tested whether the high correlation of calcium transients' amplitudes between soma 166 and apical tuft was associated with distance-dependent changes in the frequency of these 167 events. 168 We quantified the frequency of calcium events in each pair of proximal and distal 169 compartments imaged semi-simultaneously ( Figure 3A ). We found that the frequency of 170 calcium transients decreased from proximal to distal compartments (Paired t-test, p = 1.1e -6 , 171 n = 31 pairs of compartments from 19 neurons) by an average of 14% from soma to proximal 172 trunk, 8% from proximal to distal trunk, 24% from distal trunk to apical tuft and 22% form supplement 1). This result was confirmed by a second data set, in which somatic and apical 176 tuft calcium transients were imaged independently (at 120 Hz) in individual layer 5 neurons. 177 We found that the mean frequency of calcium transients in the apical tuft corresponded to 178 62% of the frequency of events in the corresponding soma (Figure 3-figure supplement 1). 179 We then checked whether this decrease in frequency depended on the amplitude of 180 the calcium transients. We calculated the percentage of compartment-specific calcium 181 transients as a function of their amplitude ( Figure 3C ). The vast majority of compartment-182 specific events were dominated by calcium transients in proximal compartments that were 183 not detected in distal ones (red trace in figure 3C ), while only few calcium transients were 184 found in distal compartments and not in the corresponding proximal one (blue trace in Figure   185 3C) (see also Supplementary video 1 and 2). In addition, our results show that smaller 186 7 amplitude calcium transients in the proximal compartment were more likely to attenuate 187 below detection level in the distal compartment compared to larger amplitudes events (red 188 trace in figure 3C ). As a result, compartment-specific events were dominated by small 189 amplitude calcium transients in proximal compartments (Two-way ANOVA, p < 10 -15 , p < 10 -190 15 , p < 10 -15 , for compartment (proximal vs distal), amplitude, and interaction effect, 191 respectively. Figure 4A ). Our results were robust to the threshold we used for detecting Visual stimulation and locomotion do not alter the coupling between soma 206 and apical tuft calcium signals. 207 We then tested whether visual stimulation and locomotion altered the coupling between the 208 different compartments of individual layer 5 neurons. For each condition, we plotted the 209 percentage of compartment-specific calcium transients as a function of their amplitude and 210 found no significant difference between stationary and locomotion periods and between 211 darkness and visual stimulation (Two-way ANOVA, p = 0.57 and p = 0.14 for visual stimulation 212 and locomotion, respectively, Figure 4B ). 213 Even though smaller events were attenuated with similar probabilities across the four 214 conditions, calcium transients that do propagate through different neuronal compartments, 215 may be amplified or attenuated in a condition-dependent manner ( Figure 4C ). To capture 216 these nonlinearities, we plotted the amplitude of each detected transient in each 217 8 compartment and calculated a residual value as the distance from the linear robust regression 218 fit ( Figure 4C ). We then plotted the cumulative distribution of the residual value for every 219 calcium transient in all 4 pairs of imaged compartments from soma to apical tuft. We found 220 that, on average, the non-linear changes in calcium transients' amplitude across neuronal 221 compartments were not significantly different between darkness and visual stimulation nor 222 between stationary and locomotion periods (Paired t-test p = 0.62 and 0.96 respectively, n = 223 31 pairs of compartments from 19 neurons, Figure 4D ). 224 These results indicate that the coupling between somatic and apical tuft dendritic Widespread, correlated calcium transients in apical tuft dendritic branches of 283 layer 5 neurons 284 Our results show that in the apical tuft, calcium transients were highly correlated regardless 285 of how distal the imaged branches were from the nexus. Branch-specific calcium 286 transients were rare and limited to transients of the smallest amplitudes. These findings 287 suggest that either branch-specific calcium activity is virtually absent and that the entire Distance dependent attenuation of calcium signals from soma to apical tuft 299 Our results show an asymmetry in the coupling between somatic and apical tuft calcium 300 signals. Previous studies have shown that dendritic signals attenuate in a distance-dependent 301 manner, suggesting that at least some of the calcium events generated in one compartment Figure 4A ). These results indicate that at least 40% of somatic 309 calcium transients were not triggered by apical tuft calcium events, and that these transients 310 11 attenuated from the soma to the apical tuft, suggesting that these calcium transients are 311 associated with back-propagating somatic action potentials. A recent study reported a high 312 somato-dendritic coupling in V1 layer 5 neurons concluding that GCamP6f events occurred 313 concurrently in soma and dendritic compartments without attenuation from soma to apical 314 tuft (Beaulieu-Laroche et al., 2019). This discrepancy may be explained by differences in 315 imaging conditions including a sparse labelling, which reduces the amount of background 316 signals, and the use of GCaMP6s which has a higher signal amplitude and signal to noise ratio 317 than GCamP6f indicator, leading to a higher probability of detecting small events in layer 5 318 somata. 319 The remaining 60% of somatic calcium signals were highly correlated with global apical Hong et al., 2018). It is known that in vivo, apical tuft dendrites of layer 5 neurons receive a 342 barrage of thousands of synaptic inputs (Stuart and Spruston, 2015) . In awake behaving mice, 343 apical tuft dendrites of V1 layer 5 neurons receive synaptic inputs conveying information 344 about external stimuli (visual stimuli) as well as information about internal variables 345 (arousal/attention, motor activity, predictive signals) (Pakan, Francioni and Rochefort, 2018) . 346 Our results show that, in our passive viewing conditions, changes in visual inputs (darkness 347 versus drifting gratings) and locomotion-related inputs do not affect the relationship between 348 somatic and apical tuft calcium signals nor the prevalence of branch-specific dendritic events. 349 It is however possible that during the active learning of a behavioural task, the synaptic 
Integration of visual and locomotion-related inputs in layer 5 neurons in awake
418
A custom-built metal headplate was fixed on top of the skull with glue and cemented with 419 dental acrylic (Paladur, Heraeus Kulzer). At the end of the procedure, a single dose of 25ml/kg 420 of Ringer's solution was injected subcutaneously to rehydrate the animal after the procedure. 421 The animal was then released from the head fixation and returned to a heated recovery cage, 422 until full motor capacity was recovered.
423
In vivo two-photon imaging data acquisition 424 Imaging was performed using a 25x Objective (Olympus). The excitation wavelength of the 425 laser was set to 920 nm. Layer 5 pyramidal neurons were recorded between 500 and 650 µm 426 below the brain surface and followed up to their distal tuft dendrites along the apical trunk. The pixel intensity within each ROI was averaged to create a raw fluorescence time series F(t). 470 Baseline fluorescence F0 was computed for each neuron by taking the fifth percentile of the 471 smoothed F(t) (1 Hz lowpass, zero-phase, 60th-order FIR filter) over each trial (F0(t)), 472 averaged across all trials. As a consequence, the same baseline F0 was used for computing 473 the changes in fluorescence in darkness and during visual stimulation. The change in 474 fluorescence relative to baseline, ΔF/F0 was computed by taking the difference between F 475 and F0(t) and dividing by F0. 476 Single plane data was acquired at 120 Hz, and subsequently downsampled to 5Hz for 477 signal processing. Multi-plane data were analysed at 4.8 Hz.
478 479 Calcium transients analysis 480 We first estimated noise levels by filtering our ΔF/F0 signal using a 9 th order, zero-phase, high-481 pass filter at 0.6 Hz (Matlab function filter). We then estimated the standard deviation of the 482 filtered signal and used a threshold of 2.8 of this standard deviation to detect individual 483 calcium transients, using the built-in Matlab function findpeaks. We tested the robustness of 484 our results to different thresholds +/-30% of the selected threshold (Figure 1-figure   485 supplement 2). For each peak found in any branch or compartment, we defined an event as 486 coincident in another branch or compartment when it occurred in a time window of 3 seconds 487 around the frame where the first peak was originally detected (2 seconds before, 1 after). 488 99% of coincident events were observed within +/-0.73 ms. Each event could only be 489 considered coincident with one event. The amplitude of a calcium event was determined by 490 taking the difference between the ΔF/F0 amplitude at the frame in which a peak was detected (528 μm apart, on average), we projected the decay measured within 170 μm, to a distance of 812 528 μm. We multiplied the amplitude-dependent decay function by the scaling factor 3.1 813 (528/170) and we applied this scaled function to the event distribution (upper panel) at each 814 bin (0.05 ΔF/F0). The event distribution was derived by averaging all the calcium events in all 815 the proximal compartments (see distribution of event amplitudes for each proximal 816 compartment in red in figure 3 ). Using this approach, we calculated that the proportion of 817 events that decay from the soma to the tuft was 39%, for the data set in which pairs of 818 compartments were imaged semi-simultaneously. C) Proportion of events in the tuft, relative 819 to the corresponding soma, for neurons in which both compartments were imaged non-820 simultaneously.
